Abstract: Prostate cancer is the most common cancer in men, both in the USA and Europe. Although incurable, metastatic disease can often be controlled for years with anti-androgen therapy. Once the disease becomes castrate resistant, the median survival is 18 months. There is growing evidence that the immune system, and in particular cytokines, play an important role in prostate cancer immunosurveillance and progression. Here, we have undertaken a clinical investigation of the role of two closely related cytokines, IL-4 and IL-13 in prostate cancer. In the largest series studied to date, we show that serum IL-4, but not IL-13 is significantly elevated in castrate resistant, compared to androgen sensitive disease. Notably however, serum IL-4 levels are also raised in patients with benign prostatic
Introduction
Prostate cancer is the most common male cancer in the USA and Europe. In its earliest stage, the disease is curable with radical surgery or radiotherapy. While metastatic disease cannot be eradicated, it can often be controlled for years with anti-androgen therapy. In that setting however, evolution to castrate resistance is inevitable and median survival is then only 18 months. Greater understanding of the mechanisms that underlie disease progression are of clear interest. Growing evidence suggests that interleukin (IL)-4 may play an important role in this transition [1, 2] .
Interleukin-4 is a pleiotropic cytokine produced largely by activated Th2-polarized T-cells, mast cells and basophils. It acts upon a broad range of targets, including hematopoietic cells, endothelial cells and tumor cells. Interleukin-4 interacts with two distinct heterodimeric receptors, both of which share the high affinity IL-4RD subunit [3] . In the type 1 receptor, the IL-4RD subunit undergoes IL-4-dependent dimerization with the J c chain [4] . In addition, IL-4RD can pair with the IL-13RD subunit to form the type 2 receptor complex and this process may be driven either by IL-4 or the closely related cytokine, IL-13 [5, 6] . Since J c chain is expressed in hematopoietic cells only, the type 1 heterodimer acts as the receptor for IL-4 in these cells. By contrast, non-hematopoietic cells such as prostate epithelium signal in response to IL-4 or IL-13 via type 2 receptors. Pre-clinical work has shown a complex and at times contradictory role for IL-4 in tumor immunity. Addition of IL-4 at high concentrations to breast and colorectal cancer cell lines results in inhibition of growth [7] . Several in vivo studies involving both immune competent and immunodeficient murine models have also provided support for the anti-tumor activity of this cytokine [8] [9] [10] [11] [12] [13] [14] . Following on from these findings, several small and early stage studies were performed to test the toxicity and therapeutic potential of IL-4 in patients with cancer. However, no evidence of efficacy was observed in the majority of cases [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , other than a marginal benefit in non-Hodgkin's lymphoma [25] . Administration by the intra-tumoral route has been tested in patients with recurrent head and neck cancer. In one of the treated patients, rapidly advancing disease was observed after cytokine administration, although it remains uncertain whether this was related to IL-4 therapy [26] .
A paradoxical role of IL-4 in cancer progression began to emerge following work that was conducted using IL-4 knock-out mice. In light of the considerations described above, one would expect that the absence of IL-4 would favor tumor development. However, in many model systems the exact opposite was seen [27] . Furthermore, IL-4 was found to have a stimulatory effect upon the in vitro proliferation of murine prostate and pancreatic tumor cell lines [2, 28] .
One mechanism by which IL-4 appears to enhance the survival of tumor cells is through a direct anti-apoptotic effect. Studies in colon, breast, lung, fibrosarcoma, prostate and bladder cancer models indicate that IL-4 is not only produced by many cultured tumor cell lines, but that its interaction with IL4-RD leads to the up-regulation of anti-apoptotic molecules such as cFLIP, PED, FLAME-1 and Bcl-x(L). This anti-apoptotic effect can be abrogated by neutralizing IL-4 antibodies, and is dependent upon downstream STAT-6 signaling [29] [30] [31] [32] .
In addition to direct actions upon tumor cells, emerging evidence indicates that IL-4 also exerts pro-tumorigenic indirect effects, mediated via the tumor microenvironment. Interleukin-4 producing Th2 cells enhance the metastatic properties of B16 melanoma cell clones [33] and promote macrophage polarization to a pro-tumorigenic M2 phenotype [34] . Tumor-associated IL-4 also polarizes CD8 + T-cells to a "type 2" phenotype, leading to further compromised anti-tumor immunity [35] .
Taken together, these studies highlight the complex role played by IL-4 in modulating tumor immunity. Broadly speaking however, it appears that supra-physiological production of IL-4 within the tumor microenvironment promotes tumor rejection. By contrast, when lower levels of IL-4 are produced by infiltrating leukocytes, pro-tumor effects are dominant and disease progression ensues.
To unravel the role played by IL-4 in human cancer, serum IL-4 levels have been measured in patients with diverse malignancies. Once again however, results have been conflicting. In several small studies of patients with diverse solid tumors, higher serum IL-4 levels have been correlated with advancing disease [36] [37] [38] [39] [40] [41] [42] [43] . Balancing this however, some studies have failed to reproduce these findings [44] .
In prostate cancer, chronic inflammation has been implicated as a pathogenic factor [45] . In light of this, two small studies have investigated serum IL-4 levels in prostate cancer patients and have suggested that elevated IL-4 may be linked to disease evolution to castrate resistance [37, 38] . However, this finding requires confirmation, not least in light of recent genetic studies suggest that IL-4 plays a tumor-protective role in prostate cancer [46] . To investigate this further, we have analyzed serum levels of IL-4 and the closely related cytokine IL-13 in the largest series studied to date. Furthermore, we have used immunohistochemistry to study the presence and distribution of IL-4 in prostate tumor specimens, making comparison with normal prostate.
Results and Discussion

Serum IL-4 Levels Are Raised in Patients with Castrate Resistant Prostate Cancer When Compared to Patients with Radically Treatable Disease
Serum samples were collected from 88 patients with prostate cancer. These were distributed into the following groups: (i) Radically treatable group (sampled prior to radical surgery, n = 29); (ii) Androgen-sensitive disease, defined as patients on anti-androgen therapy, with at least two documented drops in serum levels of prostate specific antigen (PSA, n = 29); (iii) Castrate resistant prostate cancer (CRPC) group, defined as patients receiving a lutenising hormone releasing hormone (LHRH) agonist and an anti-androgen with two documented rises in serum PSA (n = 30). The control arm of the study consisted of patients with biopsy-confirmed benign prostatic hypertrophy (BPH group, n = 22). The decision was made to use biopsy-confirmed BPH as the control group since the incidence of sub-clinical prostate cancer is high in men within the age range of the patients recruited. Using this approach, we excluded undetected prostate cancers from the control group.
The age range, serum PSA at time of phlebotomy, and Gleason grade at diagnosis are consistent with what would be expected for the patient group. Ethnicity reflects the population in south-east London from which the patients were recruited. There was a high percentage of black patients in the androgen sensitive group when compared with the other groups ( Table 1) . Both the radically treatable and androgen sensitive groups had a median IL-4 level that was at the lower level of sensitivity of the assay (Figure 1 ). By contrast, the CRPC group had significantly higher median levels of IL-4 in the serum when compared with the radically treatable group (0.322 vs. 0.27 pg/mL, p = 0.009). There was also a modest, statistically significant higher level of IL-4 in BPH patients when compared to the radically treatable group (0.291 vs. 0.27 pg/mL, p = 0.047) (Figure 1 ). 
Interleukin-13 Levels are not Significantly Different Between All Four Patient Groups
All serum samples were also analyzed for IL-13 levels by ELISA. This investigation revealed that there were no significant differences in serum IL-13 levels between any of the groups (Figure 2) . 
Immunohistochemical Detection of Interleukin-4 in Benign and Malignant Prostate Tissue
A polyclonal anti-IL-4 antiserum was validated for immunostaining using a human IL-4 transfected cell line (Figure 3 ) and the reagent was further assessed for use in immunohistochemistry using tonsillar tissue sections ( Figure 4C ). We used this validated staining technique to examine the distribution of IL-4 in prostate tissue harvested from patients with BPH ( Figure 4B ), prostate in situ neoplasia (PIN) ( Figure 4E ) and prostate carcinoma ( Figure 5) . In total fourteen different prostatectomy specimens were sectioned and stained. Six were benign (with two showing areas of PIN). Three were Gleason grade six, two grade seven, two grade eight and one grade ten.
In all cases, IL-4 immunoreactivity was present in glandular structures. In BPH and PIN samples, staining distribution was found to be peri-nuclear and luminal (Figure 4) . By contrast, when sections from prostate cancers were subjected to the same anti-IL-4 staining there was loss of luminal polarity. As the Gleason grade of the tumor increased, the intensity of IL-4 staining also increased. In some sections, intense IL-4 immunoreactivity was seen to clearly demarcate areas of malignant glands within normal prostate (see circled malignant glands in Figure 5B ,C). 
Discussion
Here we report the largest series of prostate cancer patients in whom serum levels of IL-4 and the closely related IL-13 have been measured at all clinically relevant stages of disease. All groups proved to have similar serum levels of IL-13. By contrast, serum IL-4 levels increased proportionately with disease progression. Our data are consistent with those reported in two smaller series, both of which found that IL-4 levels increase as prostate cancer progresses to castrate resistant status [38, 39] . This observation is also consistent with evidence that following radical prostatectomy, prognosis is worsened in those patients with a high IL-4 cytokine signature [47] . Mechanistically, these findings may reflect the capacity of IL-4 to activate the androgen receptor in prostate cancer cells, even when ambient androgen levels are very low [1, 2] .
Our immunohistochemical data is hypothesis generating suggesting a possible role for IL-4 in the pathogenesis of advancing prostate cancer. Compared to benign inflammatory disease, IL-4 staining was less ordered but more intense in tumor tissue and arose from tumor cells themselves. The temporal relationship between serum IL-4 levels and CRPC may be consistent with a role for IL-4 in triggering, or amplifying the castrate switch. The fact that IL-4 but not IL-13 is linked to disease progression raises the possibility that this cytokine acts primarily via the type 1 receptor expressed on infiltrating leukocytes, thereby sculpting the tumor microenvironment. Alternatively (or additionally), tumor-derived IL-4 may act in an autocrine manner upon prostate cancer cells through the type-2 IL-4-receptor [48] . In support of the latter, autocrine IL-4 production has been implicated in the maintenance of colorectal cancer stem cell survival [49] . If the same proves to be the case in prostate cancer, it is tempting to speculate that castrate resistant disease emerges through the enabling action of IL-4 upon prostate cancer stem cells. More extensive and semi-quantitative studies of IL-4 expression in human prostate cancer specimens is warranted.
One unexpected finding of our study was the elevation in serum IL-4 levels in BPH compared to patients with radically treatable prostate cancer. These data are consistent with evidence that BPH is an inflammatory disease [45] . Furthermore, they also agree with the earlier demonstration that IL-4 is upregulated in BPH tissue compared with normal and cancerous prostate cell lines [50] . Taken together, our findings highlight the complex role played by IL-4 in this disease. Indeed, recent genetic evidence supports a protective role for IL-4 over-producer phenotypes against prostate cancer [46] . Consequently, it may be that IL-4 once again serves a dichotomous role in prostate carcinogenesis, exerting opposite effects at early and late stages of disease pathogenesis.
Experimental Section
Patient Samples
Patients were recruited from the urology and oncology clinics at Guy's and St. Thomas' NHS Foundation Trust, London, UK. All work was approved by the Guy's Hospital Research Ethics Committee, REC number 09/H0804/70 (cytokine study) and 08/H0804/114 (frozen sections).
Whole blood (5 mL) was collected after informed consent into serum separation tubes (BD Vacutainer). After standing at room temperature for 30 min the samples were centrifuged and serum removed and snap frozen in liquid nitrogen. Samples were stored at minus 80 °C until analyzed. Freeze-thaw cycles were minimized.
Tissue blocks stored in liquid nitrogen had been taken from fourteen patients undergoing radical prostatectomy procedures performed for malignant and benign prostate disease at King's College Hospital, London prior to the Human Tissue Act 2004.
Statistical Analysis
Data were not normally distributed. Consequently, statistical analysis was performed using the Mann-Whitney U Test for non-parametric data.
Cytokine Measurement by Enzyme Linked Immunosorbent Assay (ELISA)
For IL-4 quantification in serum, an ultrasensitive IL-4 ELISA Kit (Invitrogen, Paisley, UK). The lower limit of sensitivity is <0.27 pg/mL. There was no cross reactivity with 13 human, six rat and five murine cytokines. For IL-13 quantification in serum, an IL-13 Ready-Set-Go ELISA kit (eBioscience, Hatfield, UK) was used. The lower limit of sensitivity was 4 pg/mL. The IL-4 kit included capture antibody pre-coated 96 well plates. The IL-13 ELISA was carried out using high-binding flat-bottom 96-well ELISA plates, which were coated manually with IL-13 capture antibody (Iwaki, Tokyo, Japan). Assays were performed according to kit manufacturer instructions. Each patient sample was assayed in triplicate with the individual result expressed as a mean.
Interleukin-4 Immunohistochemistry
Frozen blocks from radical prostatectomies performed for prostate cancer were sectioned and stained using haematoxylin and eosin. Immunohistochemical (IHC) staining of validated 5 µm sections was performed with rabbit anti-human IL-4 IgG (ab9622, Abcam, Cambridge, UK), using an Envision TM System with DAB plus (Dako, Carpinteria, CA, USA) as the substrate. Staining protocols were optimized using IL-4 transfected cells and tonsil. The retroviral packaging cell line PG13 was stably transfected with human interleukin-4 using the retroviral vector SFG. Immunofluorescence was performed using a rabbit anti-human IL-4 IgG (ab9622, Abcam, Cambridge, UK), with secondary polyclonal goat anti-rabbit-FITC antibody staining Goat anti-rabbit IgG FITC-conjugated (Inverness Medical).
Conclusions
Serum levels of IL-4 are raised in patients with castrate resistant prostate cancer, when compared with patients with organ-confined radically treatable disease. The same is not true of the closely related cytokine IL-13. Using immunohistochemistry, we demonstrated that epithelial cells are the primary source of prostatic IL-4 in both benign and malignant disease. By contrast serum IL-4 levels are elevated in patients with benign inflammatory disease compared to prostate cancer patients amenable to radical therapy. Together, these data are consistent with distinct roles for IL-4 in early and late stages of prostate cancer.
